ABSTRACT A study of mass distributions in 22 spiral galaxies, with rotation curves taken from the literature and Hubble types ranging from Sa to Sd, is presented. It is demonstrated that a relation of the form
between the mass distribution of the luminous components M(r) and that of the dark halo is con-M d (r) sistent with the observed kinematics with only the dark-to-visible mass ratio displaying signiÐcant variations between galaxies. The parameter c, which is correlated with characterizes the relative M dyn /M lum , importance of the dark-to-luminous mass. The model M/L ratio of the stellar component, is M/L B (stars), correlated with the observed B[V color. In our sample the average model of Sb galaxies SM/L B (stars)T is 2.7
for an average color that of the ScÏs is
both values being in very good agreement with population synthesis models. A S(B[V ) 0 T \ 0.54, large part of the intrinsic scatter in the Tully-Fisher relation is due to the spread in c. The relation of coupling accounts for the disk-halo conspiracy in HSB spirals and is also valid in LSB dwarf galaxies. Its universality in disk rotating systems implies the existence of a physical mechanism responsible for the continuity between visible and dark mass distributions. Key words : dark matter È galaxies : kinematics and dynamics
INTRODUCTION
In a recent paper hereafter it was (Giraud 1998, Paper I) shown that rotation curves of low-density disk galaxies and their distributions in gas and stars suggest the existence of a structural coupling between the dark mass and visible M d mass M through a relation of the form M d (r)/r \ cM1@2(r), where c is a constant with dimension the square root of a surface density.
In a disk galaxy where such a relation between the dark matter and the visible mass is being sought :
1. A relation of the form is predicted at suffi-V rot 4 P M ciently large radius.
2. In the case of a pure exponential disk, the rotation curve is Ñat.
A relation between the distributions of visible and dark matter would imply the existence of a physical mechanism responsible for this coupling.
The objective of the present paper is to check the validity of the above relation for high-density spiral galaxies from Sa to Sd. We are doing two separate studies, high density versus low density, because in low-density systems the main component of the visible mass is often the neutral hydrogen, whereas in high surface brightness objects the mass in stars dominates and there is a further complication due to bulges. It will be shown that the functional form of the coupling discovered for low-density systems is consistent with the observed kinematics of a wide range of galaxy types (°3) with only the dark-to-visible matter ratio displaying signiÐ-cant variation between galaxies (°°and The models 3 4.2). account for the disk-halo conspiracy (°°and and the 3 4.1) derived M/L ratios of the stellar components are consistent with population synthesis models
The dark-to-visible (°4.3). mass ratio is the main source of dispersion of the TullyFisher relation
The paper is organized as follows : (°4.4).°2, method ;
analysis of rotation curves ; discussion ; and°3,°4, conclusion.°5,
METHOD AND UNITS
The method closely follows that of ConsequentPaper I. ly, it is described here only brieÑy. We test a dynamical relation of the form
where the Ðrst term corresponds to the visible mass, and the second term to the dark mass through the relation
between dark and visible mass. By deÐnition, ! 4 Gc. In other words we explore the possibility that the above form of coupling between dark and visible mass (hereafter relation of structure) is consistent with the observed kinematics through the virial theorem. Using the surface densities and the relation of structure p d (r) 4 M d (r)/nr2 p c 4 c2/n, may equally be written
We are going to see that the parameter c (hereafter parameter of structure) is essentially a measure of the dark to visible mass ratio As a matter of fact, at the radius (°4.2). of visible mass isodensity where is a Ðxed r p p c \ c p 2/n, c p value, one has
The Newtonian curve due to the visible mass is calculated from the stellar distribution (bulge and exponential disk) and from the gas if available (thin Ñat disk). The missing term, v2, is estimated by quadratic di †erence between the observed rotation velocity and the Newtonian curve. Then this term is compared with M1@2(r), where M(r) is the mass GIRAUD Vol. 116 of a spherical body that would make the same rotation velocity at radius r as the Ñat distribution of visible matter. Three variables may be adjusted : the mass-to-light ratios of the bulge and disk and the parameter c. A s2 analysis is done on the velocities by minimizing the "" distance ÏÏ d V 4 and a range of parameters [1/n ; n (V obs
In some cases a second analysis is done with (d V ).
It is not strictly equivalent to d ! 4 [1/n ; n (! [ S!T)2]1@2. because ! is a ratio that Ñuctuates at small radius. For d V each galaxy, two diagrams are shown : the Ðrst one is the model rotation curve superimposed on the observed rotation curve, the other is the variation of ! as function of the radius. This second diagram may show a gradient or have an S shape, or present rapid Ñuctuations. The second diagram is important because it shows how accurate the relation of structure is with the parameters adopted for a given object. The "" distance ÏÏ between the model and the d V observed velocities may be compared with the "" error ÏÏ * in velocities deÐned by where is * 4 [1/n ; n (V err )2]1@2,^V err the error in the observed rotation velocity.
It is convenient to work with astronomical units in which surface densities are measured in units of p u 4 100 M _ pc~2 and deÐne the unit
In that system, the c u 4 (np u )1@2. value of c calculated in is and the range of c Paper I 2.57c u for objects in the present paper is [0, 10] . The value of ! \ cG in CGS units corresponding to
The value of is taken to be 75 km s~1 Mpc~1 H 0 throughout the paper. The presently studied models will be referred to as !-models.
SAMPLE AND ANALYSIS
We are going to analyze galaxies such that cM1@2(r) \ M(r)/r at some radius r. In an exponential disk galaxy without bulge the condition cM1@2(r) \ M(r)/r near the center corresponds to a central surface brightness p 0 \ c2/n, which for a mass-to-light ratio of 1 and the value of c found in is approximately central Paper I FreemanÏs (1970) surface brightness of disk galaxies. Bulges increase the central surface brightness. Thus, our sample contains high surface brightness spirals from Sa to Sc and some Sd.
Our objective is to test whether !-models are capable of Ðtting rotation curves. The sample is built to explore a wide range of morphologies, from Sa to Sd, steeply declining and Ñat curves, calibrators of the Tully-Fisher relation & (Tully Fisher as well as discrepant objects. The sampling of 1977) the data varies from pioneer optical rotation curves taken with a slit spectrograph (as in Ford, & Thonnard Rubin, to recent H I rotation curves, probed out to a H I 1980) density of 1 pc~2 or less and deduced from two-M _ dimensional maps (as in
The objects have Broeils 1992). extended rotation curves, most often in H I, and published mass models with isothermal dark halos. In each case we give a brief description of the rotation curve, the parameters of the !-model, the difficulties encountered in the matching of the curve with the model, and some comparisons with isothermal dark halo models. The main parameters obtained in the Ðtting of the rotation curves are given in Column (4) is c and its range obtained from the Table 1 . condition d ¹ 1.25 min (d) in the s2 analysis, Column (5) is the model disk mass, Column (6) is the blue luminosity scaled at the distance given in Column (3). Column (7) gives the M/L ratio of the stellar component and its range.
We start with a group of four galaxies with bulges and extreme dynamical mass-to-light ratios Then in (°3.1).°3.2 we analyze a second group of four objects with particularly smooth rotation curves and excellent data. The tests on !-models being successful for these objects, we explore a sequence of unbarred galaxies with di †erent Hubble types from Sab to Scd and of three galaxies with small bars (°3.3), Finally, we study the cases of two luminous Sc gal-(°3.4). axies known to have a rather small rotation velocity for their luminosity and a giant low surface brightness (°3.5), object with extremely extended H I disk (°3.6).
3.1. T he Sb Galaxies M31, M81, NGC 2683, and NGC 2841
Our Ðrst objects are Sb galaxies because the presence of a bulge may break the relation of structure, which was established for increasing rotation curves in low-density and, in general, gas-dominated objects. We are going to see that the Ðtting of rotation curves yields a rather large range in ! \ Gc (a factor of D6 in the present sample). We begin our study with two extreme cases : M31 and NGC 2841. Then we analyze the rotation curve of M81 because that nearby galaxy presents morphological similarities with M31. The galaxy NGC 2683, like M31 and M81, has a declining rotation curve. On the contrary, the low-density objects studied in had rising curves. Paper I M31.ÈBecause of its proximity, numerous kinematical analysis of M31 can be found in the literature. We use the work of which takes into account signiÐcant Braun (1991), irregular features like departures from axisymmetry, variations of inclination, and ellipticities. We use the same bulge to disk decomposition and proÐle as in BraunÏs work (his Fig. 8b ), the free parameters being the M/L ratios of the bulge and disk, and adopt the Cepheid distance of 0.76 Mpc obtained by
The velocity curve presents Freedman (1990) . large local velocity variations and dispersion Con- (Fig. 1a) . sequently, a wide range of models are possible. Two series of models have been tested, one with from c \ 2.57c u Paper I and varying M/L , the other with lower values of c and also varying M/L . The best Ðt for requires a very low c \ 2.57c u value of the M/L ratio of the disk of the order of 0.8 M _ only. Moreover the "" distance ÏÏ is 1.47 min that The rotation velocity due to the visible mass M(r) alone, and that due to the dark mass calculated from M d (r) \ cM1@2(r)r are also shown in Contrary to low- Figure 1a . density dwarf galaxies, the Newtonian potential due to the visible mass dominates that of the dark matter in M31. The variation of ! with radius is shown in Figure 1b .
Our conclusions are (1) NOTES.ÈThe columns indicate, respectively : (1) galaxy name ; (2) type of the galaxy ; (3) distance in Mpc ; (4) value of c in the !-model in units of such that pc~2, and its range calculated from a change in parameters values that leads to a c u c u 2/n \ 100 M _ factor 1.25 of from its minimal value. (5) mass in the disk deduced from the !-model ; (6) luminosity ; (7) stellar mass-to-light ratio of d V the bulge ] disk deduced from the !-model ; (8) dynamical mass-to-light ratio at the last measured point ; (9) references of the data and of models with isothermal dark halo.
a The parameters are given for c \ 2.9. for the disk, unless the distance is M _ L _ 1 underestimated by a factor of 2. Since the galaxy has a redshift of 755 km s~1 and a low attraction for Virgocentric inÑow, this would imply the object to possess a blueshift of D[750 km s~1 in addition to the Hubble Ñow. The only known objects with large blueshifts in the sphere V ¹ 800 km s~1 are located in the region of Virgo and are believed to be on radial orbits in that cluster (Dressler 1986 ; Giraud 1986a) .
The main discrepancy in the MOND Ðt is a "" bump ÏÏ in the Ðrst 15 kpc (Fig. 2 of The Ðtting of the rotation B91). curve with a !-model and also requires a large c \ 2.57c u M/L and shows the same "" bump ÏÏ as in MOND Ðt. Instead of varying the distance, we increase the value of the structure parameter c and decrease the M/L ratio until a good Ðt is obtained (namely until the "" bump ÏÏ disappears). The model Ðts begin to be compatible with the observed rotation curve for values of c more than 4 times that of M31. Models deduced from the condition min
and M(gas)
The deduced mass-to-light M _ Figure 2a . Figure 2b shows the variation of ! as a function of radius. The rise of the rotation curve at r º 30 kpc cannot be explained by the mass model, which is at km s~1 from d V \ 1.2 ] * \ 5.4 the observed curve.
In conclusion, the relative distributions of visible and dark matter in NGC 2841 are consistent with the relation of structure and a large value of c.
M81.ÈThe rotation curve, the photometry, and the decomposition into bulge and disk components of M81 are taken from hereafter and references Kent (1987, K87, therein) . The rotation curve is decreasing like in M31. In this high-density galaxy, the luminous component is of the same order as the dark component. It is very interesting to see how the !-model Ðts the rotation curve of this galaxy, which resembles M31 in several aspects (morphological type, luminosity, mass, and size). Its rotation velocity, mass, and luminosity are less than in M31. The shape of the rotation velocity and of the luminosity distribution are similar.
Models are in the Figure 3a , where the visible and dark components are also shown. The M/L ratios of the bulge and disk components are very similar to those of the full model. The variation of ! as K87 function of radius is shown in Figure 3b .
In conclusion, the visible and dark mass distributions of the Sb galaxies M31 and M81 may be described by using the relation of structure with approximately the same value of c. These two galaxies are cases where and K87 Braun respectively, found that models without dark halo (1991) cannot be excluded. The M/L ratios obtained in the multicomponent adjustment of the model rotation curves of the Sb galaxies M31, M81, and NGC 2841 are in agreement with population synthesis models.
NGC 2683.ÈThe nearly edge-on Sb galaxy NGC 2683 has a declining rotation curve. It was studied by Casertano & van Gorkom Unfortunately, the radial distribu-(1991).
tion of the gas is not given in that paper, though the total mass in gas, is small. Sanders (1996, after has shown MOND to be capable of reproducing S96) such a declining rotation curve if the mass distribution is sufficiently concentrated. The Newtonian rotation curve due to the visible mass is deduced from the bulge ] disk decomposition of S96.
The condition min yields a rather large
The smooth mass proÐle does not account for details of the rotation curve
It results in large Ñuctuations of ! (Fig. 4a) . with radius (Fig. 4b) .
3.2. T he Sc Galaxies NGC 2903, NGC 3198 and NGC 6503, and the Sb Galaxy NGC 7331 These four galaxies are from the sample of Begeman
The gas distributions extend far beyond the optical (1987). disks so that discrepancies from visible mass Newtonian curves are signiÐcant. In the above section we have seen that the relation of structure may reproduce rotation curves of galaxies with massive bulges. Here we analyze galaxies with high-quality photometric and 21 cm neutral hydrogen data and smooth velocity Ðelds without large scale asymmetries or warping. The mass in stars dominates the H I mass so that the crucial parameter is the radial distribution of light. The decompositions into bulge and disk components of used here, are similar to those of The B91
K87. rotation curve of NGC 2903 decreases, and those of NGC 3198, NGC 6503 and NGC 7331 are Ñat. Mass models require large halos dominating in the outer regions. In the three Sc galaxies, the bulge is small and was neglected so that the only free parameter is the M/L ratio of the disk. The bulge of the Sb galaxy NGC 7331 cannot be neglected.
Figures and show the Ðttings of the rotation 5a, 6a, 7a, 8a velocities with model curves and V c 2 \ GM/r ] !M1@2 those due to the visible and dark components.
NGC 2903.ÈThe Ðt in the inner 4 kpc of NGC 2903 (and to a smaller extent in NGC 3198) is below the rotation curve
The problem is the same for an isothermal (Fig. 5a ). dark halo model. It may be due to a small bulge. As a consequence, the variation of ! with radius for NGC 2903 shows a severe discrepancy in the inner 4 kpc The (Fig. 5b) . models may be constrained by ignoring the central region. Models in the range min at r [ 4 kpc are
. NGC 6503.ÈThe galaxy NGC 6503 has a very smooth, Ñat, extended rotation curve, with very small error bars. The best Ðt is obtained for the 
The Ðtting of these very regular rotation curves with the relation of structure combined with Newtonian dynamics appear to be very good. Despite the reduced number of parameters, compared with isothermal dark halos, and the constraint of coupling between dark and visible matter, the condition of precise matching of the falling disk rotation curve and of the rising halo term, has solutions. The massto-light ratios are smaller than those obtained in B91 models with isothermal halos. They are, however, in agreement with the population synthesis models of & Larson Tinsley (1978) . 
Rotation Curves of Unbarred Galaxies
In this section we analyze rotation curves of galaxies with Hubble type from Sab to Scd. Our purpose is to explore the sequence of morphological types in order to check whether halos given by !-models are capable of Ðtting various morphologies, that is from galaxies with dense bulge to Ñat disk distributions of late type spirals.
NGC 5533.ÈThe luminous Sab galaxy NGC 5533 (L \ is the only Sab galaxy of the sample. This is 5.6 ] 1010 L _ ) a distant object at D \ 54 Mpc, with rather low H I spatial resolution. It shows evidences for a warp and asymmetries hereafter The rotation curve measured (Broeils 1992, B92). in declines from D300 km s~1 at 3 kpc to D225È230 B92, km s~1 at the last measured point.
uses a double-S96 exponential bulge-disk decomposition to account for the large fraction of the light in the bulge. The rotation curve due to the visible mass is derived from three separate components : bulge, luminous disk, and H I ] He gas taken from S96.
Mass models are in the range (c, M/L ) \ (2.0~0 .4 0.9 c u , The mass in the bulge M(bulge) \ 3.1~0 .9 0.6 M _ L _ 1). is well constrained, the mass in gas,
is at min km s~1. The ( Fig. 9a) ( a B/T ratio of the same order as in M81 but, contrary to M81, the overall rotation curve of NGC 3200 at large r is Ñat (Fig. 10a) .
The best solution given by the !-model to the di †erence in velocity gradient of NGC 3200 rotation curve with respect to that of M81, is a larger halo in NGC 3200 (c B 2.8) than in M81 (c B 1.3), but because none of the models accounts well for the steep increase in velocity at r D 6È10 kpc there is a wide range of solutions : (c, M/L ) Models with low c show a
. strong decline at r [ 15 kpc ; models in the reduced range (c, are
. The variation of ! with radius shows large Ñuctuations They are mainly due to ripples in the optical (Fig. 10b) . rotation curve and a poor local matching of these features with the model. It is not clear whether the variations in the rotation curve reÑect the true radial mass distribution or are due to local deviations from circular motion at the slit position angle of the measurements.
NGC 5033.ÈThe luminosity proÐle and bulge to disk decomposition of the Sbc galaxies NGC 5033 and NGC 5055 are from
The rotation curve of NGC 5033 is from K87. and It is measured out to Bosma (1981) Begeman (1987). The dynamical mass at the last measured point is 1.75D 25 . and the M/L ratio at this radius is M dyn \ 2.9 ] 1011 M _ 15. The main features of the rotation curve are a central peak due to the bulge, a "" plateau ÏÏ out to D20 kpc followed by a decline. The overall decline of the velocity curve is less than the gradient of the Newtonian curve deduced from the visible mass.
The mass model has three free parameters : the bulge and disk M/L ratios and c. The rotation velocity, and the contributions of the visible and dark components in the best-Ðt model are shown in It is difficult to obtain a Figure 11a . good Ðt matching the long "" plateau ÏÏ followed by the steep decline. The condition yields (c,
It is in poor agreement with the blue color of d V \ *. NGC 5033. The variation in ! is suggestive of a (Fig. 11b) higher order term in the dynamical decomposition.
NGC 5055.ÈThe rotation curve of NGC 5055 shows a continuous decline from 215 km s~1 at 6 kpc to 178 km s~1 at 40 kpc. The mass model, like in NGC 5033, has three free parameters. The gas mass proÐle, however, is not available. The !-model gives a very good Ðt (min (Fig. 12a) ( d V ) \ 3.3 km s~1) with the following parameters :
and The range of ). The velocity Ðeld shows signiÐcant di †erences between the approaching side and the receding side of the rotation curve in a region of a velocity bump at a radius about D10 kpc. The adopted rotation curve shown in is a mean Figure 14a of the approaching and receding velocity curves excluding an opening angle of 90¡ about the minor axis where the velocity Ðeld is disturbed (see C90).
Mass models are in a small range (c, M/L B ) \ with min km s~1.
.1 They are all within * \ 7.4 km s~1. The best-Ðt model and the corresponding variation of ! with radius are shown in It is of the same quality as the best-Ðt model with Figure 14 . isothermal dark halo in Figure 9 of The resulting C90. NGC 7793.ÈThe mass distribution and dynamics of NGC 7793 were studied by & Puche using Carignan (1990) VLA observations. The H I velocity curve is measured out to a diameter of 15 kpc corresponding to It declines 1.5D 25 . at r º 4 kpc. The dynamical mass-to-light ratio at the last measured point is for a mass in
& Puche Carignan (1990) have shown that a model without dark halo and a massive disk does not give a good representation of the entire rotation curve.
The rotation curve is shown in The mass Figure 15a . model has two components : the H I ] He mass and the mass in stars. There is a rather wide range of possible models
3.4. T he Barred Galaxies NGC 2998, NGC 5371, and NGC 6674 We are testing a distribution of mass through a purely rotating dynamical model. This model does not include bar dynamics. Two typical deviations seen in rotation curves and due to bars are sub-Keplerian decreases in velocity and bumps in the velocity curves. We include here three objects with only small bars. The present work is based on SandersÏ article and BroeilsÏ thesis which present the (S96) (B92), rotation curve from H I measurements, the Newtonian curves deduced from the luminosity proÐle decomposed into a bulge and a disk, and from the H I distribution.
NGC 2998.ÈThe luminosity proÐle of the distant Sc/SBc galaxy NGC 2998 (D \ 67 Mpc) presents a feature at about 5È10 kpc that may be attributed to a bar. Its H I distribution from is symmetric, and H I velocities are measured B92 out to 47 kpc, that is, 1.5 times the optical radius. The radial velocity distribution is symmetric. The rotation curve cannot be Ðtted without dark halo beyond 20 kpc. The H I mass in deduced from the WSRT data, is 30% less than B92, the single-dish measurement of & Davies Staveley-Smith None of the models with isothermal halo describe (1987) . the entire rotation curve (B92).
It is difficult to obtain a good !-model as well. The similar shapes of the rotation curve and of the model disk curve within 20 kpc require the disk component to be large. On the other hand, the mass in gas may be underestimated. Let us assume that the WRST H I mass is underestimated by 20%, as one may deduce from the single-dish measurement. With that hypothesis, !-models are in the range (c, and
The small 1.9 ] 1010 M _ , M(gas) \ 3.8 ] 1010 M _ . variation of ! with radius suggests the resulting (Fig. 16b) model is good. The blue color of NGC 2998, B[V \ 0.48, is also in good agreement with the small stellar mass-tolight ratio.
NGC 5371.ÈThe H I rotation curve of the Sb/SBb galaxy NGC 5371, from shows a bump at 15È20 Begeman (1987), kpc with a maximum velocity of 240 km s~1 followed by a steep decline down to D205 km s~1. The velocity curve is measured out to a radius of 40 kpc corresponding to D H I \ 1.85
The dynamical mass enclosed in this radius is
Variations of the velocity curve in the inner 20 kpc are well described by the luminosity proÐle. The bulge ] disk decomposition is taken from S96.
Mass models require a massive disk so as to describe the rise of the curve within r ¹ 15 kpc and a low c for the steep decline outward. The best-Ðt model is obtained for c \ 1.65, and (Fig. 17a) . agreement with the color. Mass models are in the range (c, and one has \ 9 ] 1011 M _ . inclination angles are rather large, suggesting a possible warping. The presence of the bar makes the rotation curve inside D7 kpc unreliable. Moreover there is a hole in the center of the H I distribution. The rotation curve is dominated by the bulge component, but it Ñattens faster than M31 and M81. As a consequence, the contribution of the halo is more important. The best model is ( Fig. 18a There is more mass in gas than in the disk.
T he Bright Sc Galaxies NGC 753 and NGC 801
The distant galaxies NGC 753 and NGC 801 are interesting for our study because they are very bright galaxies with rather small rotation velocities for their luminosities (NGC 753 in particular). In a distance scale based on the Tully-Fisher relation (hereafter the TF relation ; & Tully Fisher they give very high values of the Hubble ratio 1977), because the TF method is based on average values. We are concerned here with such limit objects because the relation of structure may fail.
NGC 753.ÈThe Sc galaxy NGC 753 is at D65 Mpc. It was observed by et al. from which the optical Rubin (1980), rotation curve is taken, and Radio observations from K86. indicate that the H I emission is rather irregular in the B92 direction of a small companion. The dynamical mass interior to 19 kpc is for a luminosity
\ 6 ] 1010 L _ . the derivation of an accurate gas mass distribution. The total H I mass is One may assume M H I D 2.4 ] 1010 M _ . that the gas contribution to the rotation curve is of the order of 45È50 km s~1 at large r. The optical rotation curve of NGC 753 is probed out to only. Models without 0.34D H I gas are poorly determined. They tend to compensate the absence of gas constraint by large halos in the upper limit of and the corresponding lower limit of c \ 2.1~1 .3 5.2, is unrealistic. Adding the gas com-M/L (stars) \ 1.2~0 .9 0.7 ponent would lower either the stellar disk mass-to-light ratio or c. The best model is shown in It is at Figure 19a . km s~1. Ripples in the rotation curve translate into d V \ 10 Ñuctuations of ! along the radius (Fig. 19b) . (B92), which the H I rotation curve and H I distribution are taken, and Sanders This is a distant object with a Hubble (S96). distance of 79 Mpc. It has a luminosity of L B
\ 7 ] 1010 The rotation curve is Ñat out to r \ 60 kpc. The H I L _ . distribution is regular. It is more extended on the northern side. The dynamical mass within 60 kpc is M dyn B 5È6 For the visible mass we use the multi-] 1011 M _ . component models, with stellar disk, bulge, and gaseous disk of and The rotation curve due to the visible B92 S96. mass is Ñat over a large range. This is due to the fact, pointed out by that the luminosity proÐle does Kent (1986) , not decrease as steeply as an exponential disk.
Models deduced from the condition min
. That condition excludes models without halo but because the disk and halo rotation curves have similar shape the parameters are not well deÐned. The best-Ðt model (Figs. and is at min 20a 20b) ( d V )\1.1*. In conclusion, the rotation curves of the two luminous Sc galaxies, NGC 753 and NGC 801, have similar global parameters. Both are known to a have less than average maximum rotation velocity for their luminosity. Both rotation curves may be described by a !-model, but the param- hereafter Its surface brightness proÐle is not (1997, W97) . well Ðtted by a combination of a bulge and an exponential disk. The galaxy is very rich in gas, and its H I radius is about 13 disk scale-lengths. The major peculiarity of this object is the extreme size of its H I disk. The main features of the H I rotation curve are a peak after a steep central rise, a long Ñat "" plateau ÏÏ out to the last measured point, and a dip between the peak and the "" plateau.ÏÏ The Hubble distance corrected for infall toward Virgo is D B 19.5 Mpc. Mass models with a pseudo-isothermal dark halo give the overall shape of the rotation curve for a dark matter halo D3.5 times as massive as the stars and gas components Such a galaxy is very interesting for our study (W97). because the mass in gas is large and extends extremely far, so that it is the H I mass which provides the strongest constraint on c. Distant regions where the relation of structure is no longer valid may also be reached.
The investigated warped disk and W97 density waves models. The analytical combination of a density wave pattern with the overall rotation curve model makes it possible to describe the observed curve. Such features in rotation curves of spirals with prominent arms are rather frequent NGC 289 has a high H I-to-(Fridman 1994). stellar mass ratio of D0.9. The disk mass dominates the dark mass over the optical radius as in objects with higher FIG. 21 .ÈSame as for the giant LSB galaxy NGC 289. The large di †erences of the model rotation curve with respect to the observations is the same Fig. 9 as for an isothermal dark halo. It was interpreted in as being due to a density wave or a warped disk. The H I disk of this galaxy is extremely extended W97 and the rotation curve is measured out to r D 4D 25 . GIRAUD Vol. 116 surface brightness. The decline of the rotation curve at r [ 40 kpc suggests that the radial distance where the relation of structure should begin to break may have been reached.
4. DISCUSSION 4.1. !-Models and "" Disk-Halo Conspiracy ÏÏ The modeling of high surface brightness spiral galaxy rotation curves through Newtonian dynamics and dark halos requires a precise matching of the falling disk rotation curves and of the rising disk halos often referred to as the disk-halo conspiracy. Isothermal halos provide the overall shapes of dark component potentials but they do not account for any coupling between the visible mass and dark matter.
Our dynamical analysis of a variety of rotation curves through the virial theorem suggests the existence of a relation between the distributions of visible and dark matter. The form of this relation of structure or coupling, M d (r) \ cM1@2(r)r, is the same for the studied galaxies but the parameter c is not a constant. The dynamical models deduced from that relation are sensitive to the integrated mass through the rising term !M1@2, and to the mass and density through the falling term GM/r. They are a possible solution to the "" disk-halo conspiracy.ÏÏ In our models, the M/L ratio is the variable that, in combination with c allows the matching of the observed curve with the model. The M/L ratios are more constrained than in models with isothermal halos because the number of parameters is reduced.
None of the model Ðts, however, are poorer than the models with isothermal halos of the reference articles. The residuals in ! show cases where the matching of the rotation curve presents small smooth deviations suggestive of a higher order term in the dynamical decomposition. There are also examples of important local Ñuctuations in ! but no case contradicting the relation of structure.
T he Physical Nature of c
The data in suggest the parameter c neither Table 1 depends on the luminosity nor on the M/L ratio of the visible mass. The dynamical M/L ratio gives a rough idea of the dark mass but it depends on the radius where it is measured. The parameter c is expected to characterize the importance of the dark halo relative to the visible mass. It must be related to the dynamical M/L ratio at radii where the dark mass is a signiÐcant fraction of the mass. To demonstrate it, the dynamical M/L ratios have to be measured at similar radii. Let us consider the radius deÐned r p by the relation for a Ðxed value
This radius, in which all galaxies have the same visible mean surface density, is deÐned by using a physical condic p 2/n, tion and may be deduced from the luminosity and gas proÐles since M is the visible mass. For is c p D 1È1.5c u , r p sufficiently large that the rotation velocity does not depend on peculiarities of the mass distribution. Let be the M p dynamical mass at radius Parameters relative to and r p . r p for are given in is in Column (3), in c p \ 1.3c u Table 2 : r p V p Column (4), the corresponding mass is in Column (7), M p and the ratio of the dynamical mass to the luminous M p mass in stars and gas is in Column (9). One may plot either
The dynamical mass-to-light ratio is correlated with c. The relation is improved if one uses the luminous mass instead of the luminosity A plot of c against the L B . ratio between and the luminous mass is shown in M p M lum Therefore, c is a measure of the dark to visible Figure 22 . NOTES.ÈThe columns indicate, respectively : (1) galaxy name ; (2) parameter c ; (3) radius of isodensity deÐned by r p with (4) rotation velocity measured on the rotation curve at the radius of isodensity (5) M(r p )/nr p 2 \ c 0 2/n c 0 \1.3c u ; r p ; total luminous mass deduced from the Ðtting of the rotation curve through the !-model ; (6) luminosity of the galaxy ; (7) dynamical mass enclosed in the radius (8) reddening corrected B[V color from the (9) ratio of the dynamical r p ; RC3 ; mass at radius in col. (7) 
instability theory of galaxy formation. In these models, the protogalaxy cloud is made of a dominant fraction of dissipationless dark matter and dissipative baryonic material. The dark matter relaxed into approximately isothermal dark halos. The dissipative baryonic mass was heated to the halo temperature, cooled and collapsed into gas disks, bulges and stellar disks. If the dissipative baryonic mass to the total galaxy mass is a universal constant (see discussion in et al. and for a Ðxed core radius, the ratio Flores 1993), is a function of the dimensionless angular momen-M lum /M p tum j. The range in of the present sample corre-M lum /M p sponds to a factor about 4 in j (Fig. 4 of et al. Flores 1993), the larger c, the larger j.
Colors and Stellar M/L Ratios
In our sample the average mass-to-light ratios of Sb galaxies is and that of the Sc galaxies is 
T ully-Fisher Relation and Dark Halos
The TF relation between the maximum rotation velocity of a galaxy and its total luminosity is not easily explained by models with isothermal dark halos because classical coupling of dark halos with visible mass often fails in reproducing rotation curves (see for example the curves of NGC 1560 and NGC 2903 obtained by disk-halo coupling in Fig.  6 of The risks of mixing the maximum rotation veloc-B91). ity measured in the disk of a Sc with that of a Sb bulge like NGC 3200, were pointed out many years ago (Roberts et al.
If the form of coupling we have 1978 ; Rubin 1980). found is universal, the asymptotic circular velocity, at distances where the term corresponding to the visible mass is small, is V lim 4 B !2M. The relation of coupling enlightens several of the features of the empirical Tully-Fisher relation and its dispersion :
1. The spread in the parameter of structure c is an intrinsic source of scatter. To demonstrate it, we need a rotation velocity that is less dependent on peculiarities of the mass distributions than the maximum rotation velocity. We consider again the radius of isodensity, and the rotation r p , velocity, measured at that radius. Despite the small V p , number of objects, a plot of the luminosity versus shows V p clearly the e †ect of c on the dispersion At a given (Fig. 24) . rotation velocity, a c D 1 galaxy is more luminous than a galaxy with c [ 1. The galaxy NGC 2841, which has an index c \ 6, appears faint for its large rotation velocity. and previous (Giraud 1986b references therein) and might be due to di †erent M/L B ratios combined with mixed values of c. A scatter due to the M/L ratio has been detected and interpreted has being due to the variable contribution of dark halos Frenk, & (Salucci, Persic 1993) .
2. In galaxies where the mass in gas is small compared with the mass in stars, the c-coupling predicts a relation between the asymptotic velocity and the absolute magnitude. The right parameter, closely related to the mass, is the and the luminosity, illustrated in is extremely Figure 25 , good. It behaves as if it were the right expression of the TF relation. Unfortunately, one cannot conclude on the superiority of this relation over the classical TF relation because both coordinates are distance dependent. The slope is less than 10, implying that the M/L ratio increases with the mass. There is a correlation between and V M V * .
CONCLUSION
We have analyzed extended rotation curves of a wide range of spiral galaxy types to search for a relation of coupling between the visible and dark mass distributions.
Rotation curves of low-density dwarves were previously found to be consistent with a relation of the form M d (r) \ cM1@2(r)r. The present paper shows that this form of coupling is also consistent with the observed kinematics of high surface brightness spirals with only the dark-to-visible mass ratio displaying signiÐcant variations between galaxies. Using the surface densities and p d (r) 4 M d (r)/nr2 p c 4 c2/n, the relation of structure may also be simply written Thanks are due to the anonymous referee for his perceptive reading of the manuscript and his numerous recommendations. I thank my colleagues of the Programme National de Cosmologie and Observatoire de Marseille for their help and comments. The PNC is supported by the CNRS.
